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Introduction
As turbine entry temperatures are pushed higher to improve gas turbine efficiency, engine components are forced to accommodate increasingly higher stresses and temperatures. This places significant demands on the high strength nickel alloys used for critical parts; failure of these parts would threaten the safety of an aircraft and its passengers. In light of this, engines are routinely inspected for various forms of damage including handling, foreign object damage and environmental attack. Discs spending increased time at temperature have resulted in instances of corrosion damage detected on components within the declared life. As the turbine disc is a safety critical component, assessment of any surface damage is advantageous to understand the impact on remnant component life. Fig. 1 provides an example of the damage, where a roughly 'V' shaped region of grain loss resides at the surface. In addition, intergranular sulphide particles can be seen penetrating into the alloy. Recent corrosion-fatigue studies on salted specimens [1, 2] have shown that a corrosive environment in conjunction with cyclic stress can give rise to similar pit shaped notch features that, depending on salt loading and stress level, reduces fatigue life in comparison to unsalted specimens tested in air.
Historically, the mechanisms of sodium sulphate (Na 2 SO 4 )-induced hot corrosion in Ni-base superalloys have been categorised as either type-I or type-II hot corrosion depending on the temperature of the system and is closely related to the melting point of the salt contaminant [3] . Type-I hot corrosion is generally observed above 900°C and is characterised by discrete sulphide particles below a protective chromium oxide. In type-I hot corrosion, the mechanism proceeds as the molten Na 2 SO 4 salt deposit causes the separation of alloy from the gas phase and due to low oxygen solubility in Na 2 SO 4 [4] , an O 2 gradient is established across the deposit. This gradient results in an increase in sulphur activity at the alloy surface, such that sulphur and oxygen is removed from the deposit by the alloy to form sulphides and oxides [5] . Type-II hot corrosion is observed in the temperature region of 650-800°C and is characterised by a continuous sulphide layer below a dual oxide layer of Ni and Co on top of a mixed Cr, Ti and Al oxide. In type-II hot corrosion, given that Na 2 SO 4 melts at 884°C, the deposit would remain solid at the alloy surface. Hence, in order to propagate the mechanism, liquid formation of the deposit is achieved via the reaction of the SO 3 present in a typical turbine gas stream with transient metal oxides that form at the alloy surface during the early stages of oxidation. This reaction forms metal sulphate (MSO 4 ), which can dissolve into the Na 2 SO 4 deposit to form a eutectic MSO 4 -Na 2 SO 4 melt [6] . The liquid melt separates the alloy from the gas phase and as the solubility of SO 3 across the deposit is high [4] at the melt/scale interface. The lack of oxide ions present in the deposit leads to solubility of the protective scale into the molten deposit as oxide ions are donated to the deposit by the protective oxides. Following dissolution and subsequent penetration of the protective scale, the molten deposit reaches the alloy surface and high sulphur activity in this region causes the precipitation of a continuous sulphide layer.
In components, sulphide particles may be seen at the grain boundaries ahead of corrosion features which demonstrates similarities to a transitional-type hot corrosion morphology [7] where at type-II temperatures, the sulphides of Cr and Ti appear as interconnecting sulphide networks at the grain boundaries. Earlier work suggests that the nucleation of grain boundary sulphides under type-II conditions arises from the decomposition of the melt such that it is no longer present at the metal surface as a continuous layer [8] . With the progress of time, this discontinuity renders the surface scale in contact with the ambient atmosphere allowing the introduction of sulphide particles to the grain boundaries from the sulphide layer via sulphidation-oxidation processes [8] . As shown in a hot corrosion assessment of RR1000 [1] , the change in corrosion morphology from a continuous sulphide layer to grain boundary sulphide particles can be achieved under type-II conditions by significantly reducing the deposit flux.
Currently there is a lack of research considering the effect of transitional type hot corrosion on the remnant fatigue resistance of Nidisc alloys. The majority of the published work addresses the impact of a classical type-II hot corrosion mechanism on fatigue life [9, 10] , where the methodology involves pre-pitting specimens prior to fatigue, a commonly used technique across numerous alloy systems. Whilst pre-pitting provides an ability to rank disc alloys based on their resistance to corrosive attack, subsequently fatigue testing pre-pitted specimens assumes that corrosion acts independently of stress. The resultant corrosion morphology achieved post-test displays thick oxide scales and evidence of pit coalescence leading to net section loss or broad front attack. In addition, the lack of diffused sulphur along the grain boundaries ahead of the advancing oxide front in areas of high stress concentration highlights the limitations of pre-pitting experiments in replicating service corrosion in the laboratory and suggests that the deposit flux is in excess of what is required to generate representative corrosion morphology. In this research, cylindrical round bar specimens are pre-notched to simulate the stress concentrating effect of the observed corrosion damage and subsequently corroded with a low flux of salt to simulate the transitional type hot corrosion morphology. The specimens are then subjected to a series of fatigue testing in an air environment to investigate the impact of representative corrosion features on cyclic life.
Experimental program
The pre-notched and corroding process the specimens undergo is described schematically in Fig. 2 . Here, a micro-notch geometry is machined into the test specimen prior to low salt flux corrosion to precipitate grain boundary sulphide particles akin to stress assisted corrosion morphologies. Subsequent investigations into the effect of stress level on the low cycle fatigue response of corroded material can then be performed whilst considering the stress raising potential of the pit shaped notch features typically formed during corrosion-fatigue.
Material and specimens
The alloy used in this study is RR1000, a c 0 precipitationhardened Ni-based disc alloy developed by Rolls-Royce plc. for jet engine disc rotor applications. It has a nominal composition (in wt.%) of 18.5Co-15Cr-5Mo-3.6Ti-3Al-2Ta-0.5Hf-0.03C-0.02B-0. 06Zr, balance Ni [11] . Material for this work was taken from forged and fully heat-treated material. A sub-c 0 solvus heat treatment was used to generate a Fine Grain (FG) variant of RR1000 with a grain size between 5 and 10 lm.
Fatigue testing was performed using 11-off pre-notched (5-off of which were pre-corroded) FG RR1000 specimens which were compared to 15-off plain and un-corroded FG RR1000 specimens. The specimen design used was a cylindrical round bar of Ø4.5 mm and 12 mm gauge length. Prior to pre-notching and corrosion the specimen surfaces were machined to a specification of Ra < 0.25 lm and all specimens were subsequently shot peened at Metal Improvements Company (Derby, UK) to a specification of 6-8 Almen intensity and 200% coverage using 110H steel cast shot media.
Pre-notching and corroding
For the 11-off pre-notched specimens, three fully circumferential notches were machined to a depth of 40 lm, with a root radius of 50 lm into the gauge section. The machining process involved rotating the test specimen at 600 rpm perpendicularly against a fixed carbide cutting tool with the desired notch profile preformed on the tip. During turning, high pressure coolant was applied to eliminate the likelihood of brittle 'white layer' formation [12] commonly associated with rapid heating/quenching during the machining of Ni-alloys [13] . The notches were spaced 3 mm apart (see Fig. 3 (a)) to ensure that each notch was a separate stress concentrating entity, i.e. when stress is applied; a nominal surface stress level is measured at the midpoint between two adjacent notches. Prior analysis via an axis-symmetric finite element (FE) model constructed during this research was used to verify that the design of the notches resulted in a constant stress concentration factor, K t = $2.7, and to verify that adjacent notch stress fields are independent. Fig. 3 (a) illustrates the specimen design and Fig. 3 (b) shows a digital microscope surface reconstruction of a selected notch from a machined specimen. This method allowed fatigue failure at one notch location, leaving the remaining intact notches for post-test mechanistic investigation. Prior to corrosion, the notched specimens were submerged in a neutral cleaning agent and placed in an ultrasonic bath to lightly remove loose machining debris and any residual coolant that may have remained.
Prior to fatigue testing, 5-off pre-notched specimens were salted using a micro-pipette technique, using a fully-saturated solution containing 98% Na 2 SO 4 -2% NaCl mixture dissolved in diluted methanol. These specimens were pre-heated to 100°C on a hotplate and the solution was applied to the specimen gauge with a fine tip micro-pipette to allow access to the small notch features. The specimens were corroded under stress free conditions in an air-300 ppm SO 2 environment at 700°C for 200 h. A schematic diagram of the hot corrosion chamber used to conduct this experiment is presented in Fig. 4 . Such conditions were designed to result in exhaustion of the salt deposit and the nucleation of representative corrosion features in the notch including both the surface scale and sub-surface sulphide penetration into the bulk. 
Fatigue testing and analysis
All specimens were fatigue tested in an air-only environment at 700°C. The applied stress range is designed to generate endurance lives between 15 and 150k cycles, using a fully reversed (R = À1) application of controlled load, over a six-second saw tooth waveform to limit the effects of creep and maximise time at temperature. The highest test stress was calculated based on the net cross section of the specimen taking into account the depth of the machine notch Following fatigue testing, the specimens were sectioned, mounted and polished to reveal the cross-section of the notches through the primary initiation point along the specimen diameter. Examination of the cross-sections was performed mainly by Scanning Electron Microscopy (SEM) using a JEOL 35c microscope in secondary electron mode, with beam energy of 20 keV set to a working distance of $10 mm. Chemical analysis was conducted by Energy-dispersive X-ray Spectroscopy (EDS) to characterise near surface composition and identify the potential abundance of specific elements, such as sulphur. For more detailed chemical analysis, Transmission Electron Microscopy (TEM) and EDS was carried out using a Tecnai T30 TEM in High-Angle Annular Dark Field (HAADF) imaging mode. The un-corroded pre-notched fatigue data shows an approximate 10% strength reduction when compared to plain specimens due to the stress concentrating effect of the notch, consistent across the range of tested stresses. Analysis of the pre-notched and corroded data shows that the results can be divided into two distinct regimes, a low stress regime (r norm < $0.73), where a further 8% strength reduction is observed compared to the uncorroded pre-notched data and a high stress regime (r norm = 0.79) where a much larger strength reduction is observed. An explanation for these results can be derived from the cross-sectional analysis of the pre-notched and pre notched and corroded specimens.
Results and discussion

Key observations
Prior to fatigue testing, the presence of sub-surface sulphide particles at the grain boundaries causes an alteration in the near surface alloy chemistry through the reaction of sulphur with Ti and Cr causing the local depletion of these elements and a weakened structure, shown in the EDS analysis in Fig. 6 .
In general, enhanced fatigue crack initiation at elevated temperatures in an air environment has been shown to occur by cracking of the oxide scale [14] . More specifically, a corrosion-fatigue life comparison of a 12 wt%-Cr turbine blade steel demonstrated that the waveform most detrimental to life is not duration at peak stress as expected, but increased frequency of cyclic loading [15] . With this in mind it is possible that the alternating stress associated with the applied waveform resulted in continual surface oxide rupture, rendering the alloy unable to reform the protective scale, exposing the grain boundaries to further degradation. Fig. 7 suggests that during the fatigue cycle, rupture of the protective surface scale, which in this instance is dependent on the local stress magnitude (i.e. the notch root), exposes the sulphide containing bulk material to further oxidation. As the sulphides oxidise, the concentration gradient at the surface causes liberated sulphur in solid solution to diffuse down the grain boundaries to react with further Cr and Ti leading to the precipitation of fresh sulphides. Evidence of this self-sustaining mechanism is captured clearly in Fig. 7 , where a comparison by metallographic assessment is made before (Fig. 7(a) ) and after ( Fig. 7(b) ) the air fatigue testing of a prenotched and corroded specimen at low stress. The progressive inward migration of sulphide particles as a result of their successive oxidation is shown to increase from the initial 5 lm depth to an effective depth of approximately 20 lm even in the absence of a corrosive environment. The effective depth in this case arises due to lateral diffusion of sulphur as a result of the oxidation of sulphides normal to the crack growth direction highlighted in Fig. 7  (b) .
The most cited hot corrosion mechanism that leads to selfsustaining attack in an environment absent of gaseous SO 2 involves a reaction between the Na 2 SO 4 deposit and refractory element additions, such as Molybdenum, added to superalloys for solid solution strengthening benefits. The mechanism, known as alloyinduced acidic fluxing, causes increased rates of corrosion due to high oxide ion activity in Na 2 MoO 4 which leads to acidic fluxing of the protective scale [16] . In addition, the acidic component, MoO 3 , can continually form at the alloy/Na 2 SO 4 interface and evaporate at the Na 2 SO 4 /gas interface, maintaining key solubility criteria [4, 17] . Given both the absence of SO 2 during fatigue and exhaustion of the salt deposit following the pre-corroding stage, a more applicable diffusion principle is discussed in an early sulphidation study on a Co-alloy [18] . Here, sulphur released by the oxidation of preformed sulphides was shown to diffuse into the alloy with no observed outward diffusion of sulphur and the selfsustaining nature of the mechanism was described to lead to increased deterioration of the alloy structure [19] .
In fatigue, intergranular crack propagation in an air environment is frequently attributed to either grain boundary decohesion ahead of the crack tip as a result of dynamic embrittlement [20] or cracking at the grain boundary oxide/matrix-oxide interface as a result of stress assisted grain boundary oxidation [21] . An increasing number of studies [22, 23] support the formation of oxides such as NiO, Cr 2 O 3 , TiO 2 and Al 2 O 3 at the grain boundaries of Ni-disc alloys during crack propagation in preference to elemental oxygen penetration due to the free-energy change on their formation being more negative than possible grain boundary binding energies [24] . Moreover, metallographic inspection of RR1000 following long fatigue crack growth testing revealed that at a secondary crack tip, the layered oxide intrusion ahead of the propagating crack was intact ahead of a cracked oxide wake, which further verified that grain boundary oxidation occurs prior to grain boundary cracking [21, 25] . In this study, as very thin grain boundary oxides are difficult to observe using SEM, a TEM foil of a near-surface region of disc alloy, corroded under conditions sufficient to produce sulphides at the grain boundaries was extracted and thinned using a Focused Ion Beam   Fig. 4 . Schematic illustration of the hot corrosion chamber used to corrode salt coated test specimens in an air-300 ppm SO 2 environment at 700°C.
(FIB), the method of which is described in [26] . The resultant micrograph and EDS mapping from high resolution TEM analysis is shown in Fig. 8 . Whilst the external Ni and Co scales have likely been removed during the preparation stage, the analysis demonstrates the presence of an internal grain boundary oxide mostly rich in Al and an external Cr Oxide approximately 5 lm thick.
In addition, sulphide particles rich in Ti can be seen decorating the grain boundaries. Whilst the composition of the oxides formed during this corrosion is consistent with those formed during the cyclic and isothermal oxidation of Ni-based alloys [27] , typical post-air fatigue oxide thicknesses of RR1000 at 700°C are comparatively low, ranging between 500 nm ± 140 nm [28] . These observations are in agreement with the evidence presented in Figs. 5 and 7 , where accelerated surface oxidation is observed following the fatigue testing of corroded specimens in comparison to un-corroded specimens. The results suggest that the presence of sulphide particles at the grain boundaries is interacting with the oxidation process during fatigue and it is possible that the supply of oxide forming elements depleted in sulphide particle formation can provide an enhanced route to form a network of grain boundary oxide. On the basis of the present findings, a potential mechanism describing the effect Fig. 7 . SEM micrographs of notch cross sections of (a) pre-notched and corroded specimen before fatigue testing and (b) pre-notched and corroded specimens after fatigue testing at low stress showing a failure of the protective scale at a high local stress region and the inward migration of sulphide particles. of stress level on the enhanced failure of pre-notched and corroded specimens is discussed below.
Effect of stress level
The fracture surface of a pre-notched specimen tested at high stress shown in Fig. 9 (a) displays multiple initiation sites and the maximum measured notch depths following failure were recorded at of 40 lm, shown schematically in Fig. 9(b) . In comparison, the fracture surfaces shown in Fig. 9(c) and (e) for pre-notched and corroded specimens typically display a dominant initiation site at the deepest corrosion feature, measured at 49 lm and 78 lm for specimens tested at a low and high stress respectively. In addition, evidence of secondary sites exist around the perimeter; indicating that the corrosion is not isolated to a specific region within the notch. From fractography alone, the exact depth of the corrosion feature developed at low stress was difficult to distinguish due to the build up of oxidation product, however at high stress, a considerable amount of missing grains is observed, displayed schematically in Fig. 9(d) and 9(f) . Fig. 9 . Fracture surface and corresponding cross sectional schematic respectively of a (a), (b) pre-notched specimen fatigue tested at high stress (c), (d) pre-notched and corroded fatigue specimen tested at low stress and (e), (f) pre-notched and corroded fatigue specimen tested at high stress. At temperatures above 750°C, increasing the level of stress applied to RR1000 has been previously shown to accelerate oxidation processes, most predominantly at the grain boundaries where the high density of dislocations and vacancies is expected to enhance the diffusion of oxide forming elements [28, 29] . If it is possible that grain boundary oxidation can be accelerated by increasing stress then it is reasonable to assume that in regions rich in sulphides, the rate of grain boundary sulphide particle oxidation will also increase. As demonstrated earlier, the oxidation of sulphides leads to the migration of sulphide particles deeper into the alloy, depleting oxide forming elements and further encouraging grain boundary oxidation.
Whilst this provides an explanation for the enhanced oxidation of corroded material in comparison to un-corroded material during fatigue, an explanation for the missing grains at high stress can be determined by considering the mechanical properties of a grain boundary oxide. A novel method to determine the fracture toughness of oxidised grain boundaries of a Ni-alloy was conducted by micromechanical testing of FIB machined cantilevers [30] . The results of the study showed that specimens containing oxidised grain boundaries fractured at the boundary following small amounts of plasticity, whereas specimens with un-oxidised boundaries yielded but did not fracture. In addition, a slight correlation existed between oxide thickness and fracture toughness value such that the grain boundaries became weaker with increasing oxide thickness [30] . In the present work, inspection by cross-sectional SEM analysis of a specimen tested in the high stress regime revealed the source of the missing grains, shown in Fig. 10 , where multiple c-grains with sulphide rich boundaries became detached from the bulk alloy leading to grain dropout. The mechanism demonstrates that when the stress level is sufficiently high, fracture through the grain boundary oxide proceeds, leading to grain dropout. This phenomenon is likely due to the expected mismatch in fracture toughness of the oxide with the Ni-alloy at elevated temperatures where values for Al 2 [32] respectively in the temperature range of 700-760°C.
Comparable effects have been described in a study investigating hot corrosion behaviour on the LCF response of a Ni-base superalloy in an air environment [33] . The work showed that dissolution of the protective chromium oxide during hot corrosion leads to localised oxidation of the grain boundaries, providing multiple sites for crack initiation and growth. Similarly, a significant life reduction was observed as fatigue cracks initiated at the oxidised boundaries leading to what was described as catastrophic failure due to grain dropout [33] . Fig. 10 demonstrates schematically that largest depth of missing grains was found at the gauge-notch interface, a result which can be verified by observing the in-tact cross section shown in Fig. 5(c) . Whilst more work is required to determine the precise sequence of sulphide migration and grain boundary oxide cracking, an initial explanation may be related to the stress field around the corrosion feature developed under loading. In general, pitting corrosion has been shown to have a detrimental effect on fatigue life and it is well documented that corrosion pits formed at the surface act to raise the stress locally. On loading, this may cause the corrosion pit to transition into a mechanical crack [34] . In contrast to what was expected, a stress corrosion cracking study conducted on Ni-Cr-Mo-V steel demonstrated that cracks formed from corrosion pits emanated from the mouth of the pit [35] . The research led to the development of an FE model [36] , where it was shown that the maximum principle strain field was localised towards the pit-surface interface and it was determined that in order for the material to deform plastically, the material will yield where it is energetically most favourable, in regions of minimum constraint. Similar results were noted under more relevant environmental conditions, where fatigue testing of hot corrosion pitted Ni-disc alloy specimens displayed evidence of crack initiation along the grain boundaries connected to the pit surfaces [10] . Whilst these observations apply primarily to hemispherical pitting damage, irregularities of the post-fatigue fracture surface shown in Fig. 9 (e) demonstrates that non-uniform metal wastage as a result of grain dropout may lead to localised regions of high strain, forcing grain boundary oxide cracking preferentially nearer to the notch-gauge interface. Regardless, the consecutive oxidation and fresh precipitation of sulphides deeper into the alloy is expected to propagate the proposed mechanism, leading to a level of grain dropout that leads to increased corrosion feature depth, contributing to the fatigue life reduction observed.
Conclusions
The fatigue test program conducted on pre-notched and prenotched & corroded Ni-superalloy test pieces followed by extensive metallography; microscopy and image analysis has provided a detailed inspection of the evolution of corrosion damage during cyclic fatigue. As a result, a greater understanding of the response of corroded Ni-based superalloys in a fatigue environment has been obtained. Following 200 h of pre-exposure of a notch feature to an air-300 ppm SO 2 environment with a low deposit flux, the corrosion morphology exhibits intergranular subsurface sulphide particles beneath a dual outer scale that is analogous to damage typically instigated by the presence of stress. Subsequent mechanical loading at 700°C causes local rupture of the surface oxide in high stress notch regions exposing the substrate to further oxidation and the exposed sulphide containing material is likely to possess reduced mechanical properties and corrosion resistance following c'-stabilizing and scale forming element depletion. Analysis of the fatigue results demonstrates that a critical stress level appears to exist in pre-notched and corroded specimens, above which a change in mechanism occurs whereby the grain boundary oxide most likely nucleated in the wake of sulphide particles, fractures around segments of grains, leading to a metal loss that contributes to a reduction in fatigue properties. The inward migration of sulphide particles deeper into the bulk alloy following their successive oxidation during fatigue serves to propagate the damage mechanisms, even in absence of a corrosive environment.
